Improved Z — > 77 decay in the renormalizable gauge sector of 
the noncommutative standard model 
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In this work we propose the Z — > 77 decay as a process strictly forbidden in the standard model, 
suitable for the search of noncommutativity of coordinates at very short distances. We computed 
the Z — > 77 partial width in the framework of the recently proposed one-loop renormalizable gauge 
sector of the noncommutative standard model. New experimental possibilities at LHC are analyzed 
and a firm bound to the scale of noncommutativity parameter is set around 1 TeV. 
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In this work we consider the standard-model (SM) for- 
bidden Z — > 77 decay originating from the renormaliz- 
able gauge sector of the noncommutative standard model 
(NCSM) given in [H, which could be probed in high- 
energy collider experiments. 

The possibility of the noncommutative structure of 
space-time is of interest in its own right and its exper- 
imental discovery would be a result of fundamental im- 
portance. The simplest way to introduce noncommuta- 
tivity (NC) is to replace the usual coordinates x M by the 
noncommutative coordinates x^ which obey the commu- 
tation rule 



[x tt ,x v ] = ihe' iU , [6 tJ ' u ,x p ]=0. 



(1) 



The matrix 6^" is constant, real, and antisymmetric. 
The algebra defined by ([I]) is called noncommutative 
Minkowski space. The fields $ on this space are functions 
of noncommutative coordinates, they can be rep- 

resented by functions of ordinary commuting coordinates 
if the multiplication is represented by the Moyal-Weyl it- 
product. The constants 6^ v in ([T]) are dimensionless: the 
noncommutativity scale Anc defined by h = A^ c has the 
dimension of the inverse length or energy. In principle, 
the order of magnitude of A^ can be between the proton 
radius and the Planck length. 

Our motivation to reexamine the partial width of 
the Z — * 77 decay and, in general, to reexamine the 
construction of gauge-field models on noncommutative 
Minkowski space 0, S 0, HI, was a recent result on 
the one- loop renormalizability of the ^-expanded SU(N) 
gauge theory obtained in d 0]. In [l| we analyzed 
the SM and succeeded in constructing a model which 
had the renormalizable gauge sector to ^-linear order. 
These interactions proved to be free of divergences [l| 
and anomaly free whenever its commutative counterpart 
is anomaly free |8j. 

Experimental evidence for noncommutativity coming 
from the gauge sector should be searched for in processes 
which involve these interactions. The simplest and most 
natural choice is the Z — > 77 decay, kinematically al- 
lowed for on-shell particles. As it is forbidden in the 



SM by angular-momentum conservation and Bose statis- 
tics (Landau-Pomeranchuk-Yang Theorem) 0], it would 
serve as a clear signal for the existence of space-time non- 
commutativity. However, note that NC interaction, for 
fixed 0^ v , breaks Poincare symmetry. Signatures of non- 
commutativity were discussed previously within particle 
physics in [Ig[ EI H El EI El Ell • 



The action of NC gauge theory analogous to that of 
the ordinary Yang-Mills theory is given in [Tt], El El 
2p| . 2ll ] , with the commutative field strengths replaced by 
the noncommutative ones. However, in this work we start 
with a higher order noncommutative gauge field theory 

0, 



d 4 xl 1 



he^ T F Uv f,M '■ ( 2 ) 



S = --Tr 



This action, after expansion in commutative fields 
(Seiberg-Witten map), given to linear order by 



= F MV + - e°<> (2{F^,F up } - {V a , (d p + V P )F^}) , 

(3) 

leads to 



S = Tr 



+ h9^ {-F^F pa -F pp F va )Ff a y (4) 

Linear-order action {4J is one-loop renormalizable only 
for a = 1, 3 and for specific representations of the gauge 
potential, 

0, 0, Hi- The initial action © is in- 
variant under the NC gauge transformations, while (j4]) 
is manifestly invariant under the ordinary gauge trans- 
formations. The dependence of actions and ^ on 
the freedom parameter a, as can easily be seen, orig- 
inates from the higher order gauge interaction term 
9^F pv *F pa *FP°. 

As we have already mentioned, in [l[ renormalizabil- 
ity/finiteness points out the value a — 3 as physical; how- 
ever, we shall keep the value of a arbitrary in calculations 
and use a = 3 at the end. 
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The trace in |2]) and ([4]) is, in principle, taken over all 
irreducible representations with arbitrary weights. Obvi- 
ously, gauge models are representation dependent in the 
NC case: the choice of representations has a strong influ- 
ence on the theory, on both the form of interactions and 
the renormalizability properties. 

In order to obtain the triple neutral gauge boson in- 
teractions, starting with the SM gauge potential 17|, ll8L 

30, El, 



Vp = g'AuY 



9^ B 



rpl 



Eg 

b=l 



(5) 



we choose to sum over all particle representations of the 
standard model, i.e. we take nonzero weights in §4$ only 
for the SM particle representations. There are five multi- 
plets of fermions and one Higgs multiplet for each genera- 
tion. However, owing to symmetry arguments (vanishing 
of the symmetric coefficients d 1 ^ for SU(2) and invari- 
ance of the color sector under the charge conjugation), 
we obtain the action different from that found preoviusly 
[lit . This action to linear order in 9 is [l| 



<? — <? 



SM 



(6) 



+ g' 3 K i e^jd i X [\fprfpu - Upfrr) 

+ g'g 2 K 2 W d 4 x £ [ijfprBU - 2f, p Bl T )B^ 



/ IjW ~~ B pp B vr) 



g'gl^e^jd^xj^ [{-UrG^ 2f lxp G b VT )G^ h 

J b=l 

'J V r% ^ pr^- 7 pu ^pp^vTJ 



Here, f pv , B % , and G h are the physical field strengths 
which correspond to U(l)y, SU(2)l, and SU(3)c, re- 
spectively. The constant a can be arbitrary and in the 
previous work it was fixed to 1. The couplings Ki, n 2 , 
and K3, as functions of the weights C-jz, that is of the 
Ci{= 1/gf), i — 1,...,6, are parameters of the model. 
Further details of the model and of constraints imposed 
on Ki,K2, K3, and Ci are given in [2fJ and is not necessary 
to repeat them here. 

The divergent one-loop vertex correction to © as a 
function of the freedom parameter a is Q 
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div 



3(4tt) 5 



B l p„B^ + -G^Gi* 



x W» J d±x(\fp V G a pa - U P G a va )G?™ . (7) 

From the result ([7]) it is clear that the expanded gauge 
action ^ is renormalizable only for the value a = 3. 
Even more, its noncommutative part is finite or free of 
divergences, so the noncommutativity parameter 9 need 
not be renormalized. A detailed description of the renor- 
malization procedure, including the results for the bare 
fields and couplings, is given in [l|. 

Finally, from the action (|6|) we extract the triple- 
gauge boson terms which are not present in the com- 
mutative SM Lagrangian. In terms of the physical fields 
A, W ± , Z, and G they are 



777 



K, 



- sin 29w K 

xA^ {aAp V A f , 
1 

2 99 («i +3k 2 ); 



4A„,nA 



(8) 



-z 77 



■ sin 29w K 



x \1Z^ V (2AppA VT — aAp V Ap T ) 
aZ p T Ap V A^ v \ 



K 



Z77 



+ %Zp P A^A VT 

1 [ a , ( /2 

2 [9 K i + (.9 



2g 2 k 2 



C 



ZZ~f 



C Zll {A <-► Z), 



(9) 



(10) 



-1 



c 



2gg' 

e 



it 

g ki 



g 2 (g 2 



{g 2 - 2g' 2 ) 



K 2 



WW-y 



sin 29w Kww-y 9 pT 
x {A»» [2 (W+W- + W- p W+ T ) 
- a (W+W~ + W~W+)] 
+ AApp (W +fi »W- + W-> l "W+ T ) 
-aAprW+W-^] } , 



(11) 



where A,,,, e 



g_ 

9' 



9 



9 



K 2 ■ 



dpA v 



d v A p , etc. The structure of the 



other interactions as WW Z , ZZZ , Zgg, and jgg is given 
in [HHllIll. 

In this letter we focus on the branching ratio of the 
Z — > 77 decay in renormalizable model ([9]). Note 
that each term from the ^-expanded action (|6|) is man- 
ifestly invariant under the ordinary gauge transforma- 
tions. The gauge- invariant amplitude ^ z for the 
Z(k\) — > 7(^2) 7(^3) decay in the momentum space reads 



3(4vr 
x 9 pv 
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3(4tt) 



p^g'g «a(3 - a) 



g'g s K 3 (3 - a) 



fppB va 



)B pai 



A z ^ 11 = - 2esm29 w K z - yi Q^ p (a;k 1 ,- 
x £p(ki)e u (k 2 )ep(k 3 ). 

The tensor Q^ vp (a; ki, k 2 , k 3 ) is given by 



(12) 



e^ p (a;fci,fc 2 ,A:3) 



(h9k 2 ) 



3 



x[(fci-fc 2 )V v + (fc 2 
-6» v [k p {k 2 k 3 )-k p 2 (hk 3 )} 

-e v " (hh) - k$ (k 2 h)] 
-p" [kUktk^-ki (k 3 k 2 )} 
+ (0k 2 r [g vp kl ~ k v 3 k P ] + (6k 3 r [g vp k% ~ r 2 k 

+ {6k 3 y [g^ k\ - k^k p ] + {Ok.Y [gw kl - 
+ (Oh)" [gT k 2 2 - k%k v 2 ] + {6k 2 y [gT k\ - k$k{\ 
+ 0» a (ak 1 +k 2 + k 3 ) a [g up (k 3 k 2 ) 



inn 



2 k 2 ] 



k 3 k 2 ] 

l {k 1 +ak 2 + k 3 ) a [gw {k 3 k{) - k^k{] 



+ 9 pa (k 1 +k 2 + ak 3 ) a [^(fcafci) 



(13) 



where the 4- momenta fci, k 2 , k 3 are taken to be incoming, 
satisfying the momentum conservation (ki+k 2 + k 3 = 0). 
In (|13|) the freedom parameter a appears symmetric in 
physical gauge bosons which enter the interaction point, 
as one would expect. For a = 1, the tensor (1131) becomes 
the tensor Q 3 ((jj,, ki), {v, k 2 ),(p,k 3 )) from [2X1 ] . 

The amplitude (jTSJ) with the Z boson at rest gives the 
total rate for the Z — > 77 decay: 



1 

< 

18 



z sin 2 20M/ K| 77 
(13a 2 - 50a + 51)^| + (a 2 + 2a + 3).B 2 



(14) 



where Eg = {9 al , 9 02 , 8 03 } and £ e = {9 23 ,9 31 ,9 12 } are 
dimensionless coefficients of order one, representing the 
time-space and space-space noncommutativity, respec- 
tively. For the Z boson at rest, polarized in the direction 
of the third axis, we obtain the following polarized partial 
width: 



r 



M 



60A 4 NC 



£ sin 2 29 w K 2 Zjl 



(7a 2 -38a + 55)((E 1 e ) 2 + (E 2 



:S\2 



+ (29a 2 - 106a + 100) (E$) 
+ 1 -(a-l) 2 ((Bl) 2 + (B 2 ) 2 ) 
+ (2a 2 + 6a + 7)(B|) s 



For a = 3, we have 



* sin 2 2^K| 77 (i? 2 



(15) 



(16) 



NC 



and 



1 2^77 



(eI + bI 1 ^^^2 



42((^ 3 ) 2 + (S|r 



(17) 



The experimental lower bound for the partial width 



obtained from a previous experiment of the 
e+e~ -> 77 annihilation, is < 5.2 x 10~ 5 GeV [13, 
which gives the upper bound A NC > 110 GcV. 

However, new experimental possibilities at LHC 
change the above bound, lifting it up substantially. Ac- 
cording to the CMS Physics Technical Design Report 
pij ]. around 10 7 Z — > e + e~ events are expected to be 
recorded with 10 of the data. From this one can 

estimate the expected number of Z — > 77 events per 
10 fb' 1 . Assuming that BR(Z -> 77) ~ 10~ 8 and us- 
ing BR(Z — > e + e~) = 3 x 10~ 2 , we may expect to have 
~ 3 events of Z — > 77 with 10 fb^ 1 . Now the question is: 
What would be the background from Z —>■ e + e~ when the 
electron radiates a very high-energy Bremsstrahlung pho- 
ton in the beam pipe or in the first layer(s) of the Pixel 
Detector and is thus lost for the tracker reconstruction? 
In that case electron would not be reconstructed and it 
would be misidentified as a photon. The probability of 
such an event should be evaluated from the full detec- 
tor simulation. According to the CMS note [2(| which 
studies the Z — > e + e~ background for Higgs — > 77, the 
probability to misidentify the electron as a photon is huge 
(see Fig. 3 in [2^|) but the situation can be improved ap- 
plying more stringent selections to thephoton candidate 
when searching for Z — > 77 events [271 ). However, the 
irreducible di-photon background (Fig. 3 in [2(|) might 
also kill the signal. In that case, one can only set the 
upper limits to the scale of noncommutativity from the 
Z — » 77 branching ratio. 

In accord with the analysis of the LHC experimental 
expectations [25|, [23, it is bona fide reasonable to 
assume that the lower bound for the branching ratio is 
BR(Z — > 77) ~ 10~ 8 . Next, choosing the lower central 
value of \Kz-yy\ = 0.05, from the figures and the Table 
in [23], we find that the upper bound to the scale of 
noncommutativity is Anc ~ 1.0 TeV for E 2 + B 2 ~ 1. 

Clearly, the measurement of the Z — > 77 decay branch- 
ing ratio would fix the quantity \Kz-y-yf A^ c \, while the 
inclusion of other triple gauge boson interactions through 
2^2 scattering experiments l_l| would sufficiently re- 
duce the available parameter space of our model by deter- 
mining more precisely the relations among the couplings 
K777, K^ 77 , K227, Kzzz, Kww-f, and K\ywz- 

Let us summarize our results and compare to those 
obtained previously. 

(A) The first calculation [13] was performed within a 
different model which has different symmetries in com- 
parison with ours. In particular, the model does not pos- 
sess the commutative gauge invariance. Note also that 
the Z — > 77 rate obtained in [151 ] 
a 



rz^ 77 = cos 9 W M 



9 2 



(18) 



In order to estimate the scale of noncommutativity Anc 
from r^^ 77 we first have to discuss the measurements. 



imposin g th e unitarity of the theory in the usual manner, 
9 m = 0, (Hill, vanishes. 
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(B) The partial width for the same process was ob- 
tained in [lQ, (2(| m the framework of similar theories, 
which, however, were not renormalizable. The present re- 



sults for the partial widths T ^ 



■ "■y a nd 



are about 



three times larger than that in [191, |20j and consistently 
symmetric with respect to time-space and space-space 
noncommutativity. In the polarized rate (|17[) the third 



components ((6 03 ) 2 + (6 12 ) 2 ) are enhanced relative to 
the other two components by a large factor, as expected. 
Also, the rate (fl7|) is enhanced by a factor of ~ 3 with 
respect to the total rate (fTB")) . 

(C) The upper limit to the scale of noncommutativity 
Anc ~ 1 TeV is significantly higher than in [19]. This 
bound is now firmer owing to the regular behavior of the 
triple gauge boson interactions (fMTTj) with respect to the 
one-loop renormalizability of the NCSM gauge sector. 

(D) Finally, let us add that after 10 years of LHC 
running the integrated luminosity is expected to reach 
~ 1000 fb~ l , 26]. This means that for the assumed 
BR(Z — > 77) ~ 10 -8 we should have ~ 300 events of 
Z — ► 77, that is we should be well above the background. 
On the other hand, this result can also be understood as 
~ 3 events with the BR(Z -» 77) ~ 10~ 10 , which lifts 
the scale of noncommutativity up by a factor of ~ 3. 

Therefore, with a more stringent selection of photon 
candidates and if the irreducible di-photon contamina- 
tion becomes controllable, the Z — > 77 decay will be- 
come a clean signature of space-time noncommutativity 
at very short distances in LHC experiments. 
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